Abstract. Based on the electrical properties of biological tissues, bioimpedance measurement technology can be employed to collect physiologic and pathologic information by measuring changes in human bioimpedance. When an alternating current (AC) is applied as a detection signal to a tissue, the current field distribution, which is affected by skin effect, is related to both the bioimpedance of the tissue and the AC frequency. These relations would possibly reduce the accuracy and reliability of the measurement. In this study, an electromagnetic theory-based method, in which cylindrical conductor were divided into layers, was used to obtain current field distribution models of human limbs. Model simulations were conducted in MATLAB. The skin effect phenomenon and its characteristics in human tissues at different frequencies were observed, thus providing essential data on skin effect, which are useful in the development of bioimpedance measurement technology.
Introduction
Bioimpedance measurement is a non-invasive testing technology that can obtain biomedical information of human physiology and pathology by measuring the electrical characteristics of human tissues or organs [1, 2] . When stimulating electrodes are placed on the surface of tissue and a small alternating current (AC) signal is injected, impedance of the tissues can be calculated by current and voltage signals received by the detection electrodes. The impedance data obtained using the noninvasive, safe, and easy-to-operate bioimpedance measurement technology can be used in various medical applications, such as cell measurement, tissue construction and composition analysis, and electrical impedance tomography (EIT) [3] .
Skin effect was first proposed by Horace Lamb in 1883 and was exclusively applied to spherical metallic conductors. Oliver Heaviside further developed the theory that skin effect exists in conductors of all shapes [4] . It was well known that electromagnetic fields decay upon entering conducting regions [5] .When an applied AC flows through a conductor, an electromagnetic field is generated because of changes in current direction. The repulsive force from the electromagnetic field induces electric charges to move toward the conductor's surface, leading to an uneven distribution of the current density, resulting in a change in the bioimpedance of the conductor [6, 7] . Higher AC frequency leads to a more obvious effect.
Impedance rheogram technology and EIT are the two most important applications of bioimpedance measurement technology [8] . The principle of impedance rheogram technology is as follows: when a high-frequency AC is applied in certain areas of the human body, the bioimpedance value of the measured part changes, which is affected by vessel volume changes caused by heartbeat [9] . Corresponding changes in the blood flow can be obtained by measuring impedance changes. However, if skin effect is generated by AC in the biological tissue, then only impedance changes of the tissue's surface can be measured, which could not reflect internal physiological state. EIT produces images of biological tissues or organs based on the variation in impedances of biological tissues [10] . In EIT, AC is applied to biological tissues by stimulating electrodes and the voltage of the cross-section of the tissue is determined by detection electrodes. By considering the voltage around the cross-section as boundary conditions, the spatial distribution of conductivity can be calculated by finite element analysis iteration, forming a mathematical inverse question. Given the existence of skin effect, the distribution of the current field is not only related to impedance distribution of the tissue, but also affected by the induced current when AC reaches a threshold frequency. Therefore, impedance imaging based on current field distribution will lose its desired function, and electrical conductivity of the tissue calculated by the boundary voltage will include errors contrasting to the actual value; such imaging technique is not reliable for clinical diagnosis [11] .
Although skin effect in a metal conductor has been established, available studies on the skin effect of biological tissues are insufficient. In general, metal conductors can be treated as homogeneous for skin effect research. However, the human body has a complex structure and cannot be regarded as a uniform conductor. Based on the electrical characteristics of human tissues, a method that divides cylindrical conductor into layers is used to calculate the current density distribution in human tissues. In this study, the skin effect phenomenon in human limbs is demonstrated at different AC frequencies.
Theory and method

Electrical characteristics of human tissue
Given the water content and relative density of human tissue, its conductivity is considered variable in different studies. Human body fluid, which contains a large number of charged particles, possesses strong electrical conductivity. Therefore, blood, lung, and muscle are all good conductors, whereas tissues with low fluid content, such as fat, bone, and skin, possess low electrical conductivity and dielectricity [12] . Tissues with strong electrical conductivity and dielectricity that are composed adjacently can be regarded as capacitor circuits [13] . Given the capacitance characteristics, the impendence values of human tissues depend on the frequency of stimulating current.
Studies showed that biological tissues remain safe and represent resistance characteristics under the action of a stimulating current with frequency ranging from 10 kHz to 10 MHz. In general, bioimpedance measurement technology uses a stimulating AC with a frequency of 100 kHz and strengths that are lower than 5 mA, which satisfy the requirements of the measurement without harmful effect on the human body. Peter, et al. [14] provided accurate conductivity data through tissue resistivity measurement in a test tube, and Table 1 shows the conductivity data of different tissues at different frequencies under normal conditions. 
Simplified model of human tissues
The combined form and conductivity of human tissue is simplified as a cylinder composed of several homocentric circles crossing the section. As shown in Figure 1 , each circle represents one kind of tissue. h1, h2, h3, and hn represent the thickness of each tissue, with corresponding conductivities of Ȗ1, Ȗ2, Ȗ3, and Ȗn; l is the axial length.
Simulation algorithm
Analytical equations for cylindrical conductor are currently unavailable, and a numerical calculation method was used in this study. Finite element method was the most commonly solution, but the process is complicated and difficultly deals with a cylindrical conductor composed of concentric rings with different resistivities [15, 16] . On the basis of elementary electromagnetic laws, a different solution that divides the cylindrical conductor into layers and treats each layer as a separate object is proposed in the current paper, thereby computing current density of each layer and obtaining the skin effect depth. The programming for this method is considerably simpler than that of finite element method; more divided layers produce more accurate results [17] .
Layering for conductor
The simplified cylinder model is composed of several concentric rings. Therefore, rings representing different tissues can be layered further. Consider a ring conductor with an external radius of Ra and inner radius of Rb; Rb = 0 for solid conductor. An AC with frequency of f is applied along the axial direction. Assume that the conductor is sufficiently long that the current density is axisymmetric and only related to the distance from the axis of the conductor. Hence, only the current distribution of the cross-section is studied here [18] . The cross-section of the cylindrical conductor is shown in Figure 2 .
The cross-section is divided into N concentric rings with the same thickness, h, which is expressed as h = (Ra -Rb)/N. The radius ri of the layer i is the distance from the center of the cylindrical conductor to the center line of the layer i, which is expressed as ri = Rb + (L í 0.5)h. When the cylinder is layered sufficiently, resulting in a sufficiently small thickness, the length of the center line of the layer i can be set to the perimeter ci, which is expressed as ci ʌ >5b + (L í 0.5)h]. In the calculation, given that the thickness of each layer is sufficiently small, the self-skin effect, which will not cause considerable errors, is disregarded.
Formula derivation of numerical calculation
When an AC is applied in a cylindrical conductor, the changes in magnetic flux inside and outside the conductor that are caused by changes in magnitude and direction of AC will generate induced electromotive force of different values in the layers. All ring conductors are in parallel and thus the induced voltage values in layers caused by external magnetic flux are equal. The following equations are the derivation of the calculation formula of internal mutual inductance and internal self-inductance between the layers caused by changes in internal magnetic flux.
We assume that the AC vectors applied from inside to outside of the conductor are respectively 1), where h is the thickness of the ring, ȝ is the magnetic permeability of the conductor, and ci is the perimeter of the layer i.
Moreover, internal self-inductance in layer i can be obtained using Eq. (2).
To calculate the mutual flux linkage and internal mutual inductance of layers i and j, two situations should be considered: i>j and i<j were respectively calculated.
When i>j, leakage fluxes generated by Ij in layer i+1…, N are linked to Ii, which is expressed as ɗ = ‫ܫ‬ ߤ݈ ೖ (k=i+1, i+2, …, N). Meanwhile, the magnetic flux ɗ generated by Ij in layer i are linked to part of Ii, which is expressed as ɗ = ‫ܫ‬ ߤ݈ ଶ
. Therefore, the total internal flux linkage ߰ generated by Ij and linked to Ii can be expressed as:
The internal mutual inductance is:
When i<j, the magnetic fluxes generated by Ij in layer j+1……, N are linked to Ii, expressed as ɗ = ‫ܫ‬ ߤ݈ ೖ (k=j+1, j+2, …, N), whereas part of the magnetic flux ɗ generated by Ij in layer j are linked to Ii, which is expressed as ɗ = ‫ܫ‬ ߤ݈ ଶ ೕ
. Therefore, internal total flux linkage that is generated by Ij and linked to Ii can be expressed as:
From Eq. (5), the internal mutual inductance can be obtained using:
The voltage drop of layer i includes self-resistance voltage drop, internal self-inductance and mutual inductance voltage drop, and induced voltage of the external magnetic flux. The sum of these voltage drops are equal to terminal voltage Ui, which is expressed as in the following equation:
U0 represents the induced voltage caused by external magnetic flux, Ȧ is the angular frequency of the AC current, which conforms to the equation Z ʌI , and Ri gained by calculation is the direct current (DC) resistance value of layer i. Assuming that the conductivity of layer i is Ȗ, Ri can be expressed as:
Similarly, layer ií1 also conforms to Eq. (7):
From Eq. (6), we know that when j>i, Mij is only related to j rather than i. Therefore,
All layers are parallel with each other, thus Ui = Ui-1. By combining Eqs. (7), (9), and (10), the following recurrence equation can be obtained:
This recurrence equation is only applicable when I 3. When I = 2, a separate calculation is required:
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On the basis of the above recursive equations, when I1 is assumed, I2 can be obtained by Eq. (12), and I3 can be obtained by Eq. (11) . Therefore, the AC value of each layer can be obtained using these recurrence equations. Similarly, the recursive Eq. (11) The above derivation shows that, at any given current value, corresponding equations are available for calculating other current values, that is, the current densities of layers are proportional. Therefore, the current values do not influence the skin effect, and the current value of the first layer can be optionally set.
Algorithm validation
The algorithm above is first verified by a metal conductor that is composed of a single material. Copper, with electrical conductivity of 5.8×10
7 DQG PDJQHWLF SHUPHDELOLW\ RI ʌ×10 í7 H/m, is the selected material. The outer diameter (Ra) is 20 mm, and the inner diameter (Rb) is 15 mm. The conductor is divided into 500 layers with 0.01 mm thickness for each layer. The current density of the outer layer and frequency are assumed to be 11 A/S 2 and 5 kHz, respectively. When the electromagnetic wave propagates from the surface to the inside of the conductor, skin depth d is defined as the passing distance when the electric field intensity or current density is 1/e of the electric field intensity or current density of the surface [19] Where ο is the skin depth (m), ȝ is the magnetic permeability (H/m), ߛ is the conductivity (S/m), and ߱ is the angular frequency (rad/s).
Results and discussion
Human limb was selected in this study, which is shaped like a cylinder, as a research object ( Figure  2) . From inside to outside, human limb consists of bone tissues, muscular tissues, fat, and skin [20] , ZLWK FRUUHVSRQGLQJ FRQGXFWLYLW\ RI Ȗ1 Ȗ2 Ȗ3 DQG Ȗ4, and thickness of h1, h2, h3, and h4, as shown in Figure 3 . The assumed values are as follows: h1 = 15 mm, h2 = 15 mm, h3 = 4 mm, and h4 = 0.4 mm, and the length of limb l = 400 mm. The human body, given its relative magnetic permeability of ȝr = 1, is nonmagnetic and its magnetic permeability ȝ = ȝr×ȝ0 = ʌ×10 í7 H/m (ȝ0 is the magnetic permeability of vacuum). The conductivity values of different tissues at different frequencies were based on the data presented in Table 1 . In the simulation, the cylindrical limb conductor was divided into N = 1376 concentric rings with same thickness. , the valid value of current density of the second layer J2 was calculated using Eq. (12) and density equation. In addition, the valid values of current density of the other layers were obtained using recurrence Eq. (11) anddensity equation . Simulation results at different frequencies are shown in Figure 4 , in which the horizontal axis represents the divided layer quantities from inside to outside, whereas the vertical axis represents the corresponding valid current density values. The valid current density values of the 300 th , 900 th , and 1368 th layer are shown in Table 2 . The frequencies of 0 kHz, 10 kHz, 100 kHz, 1 MHz, 10 MHz, and 1 GHz were employed in this study, as shown in Figure 4 . Under the action of AC with frequency ranging between 0 and 10 MHz, the current of each tissue is uniformly distributed. Under the action of DC, the distribution of current density is only related to the conductivity of the tissue. With the increase in frequency, the current density of skin increases, whereas the current density of bone, muscle, and fat are relatively stable, indicating that the skin have exhibited the skin effect, which becomes evident with the increase in frequency. When the frequency of AC reaches 1 GHz, the tissues that are distant from the axis present obvious skin effect, where the current density is unevenly distributed inner portions of the same tissue and density is higher near the tissue surface. . These findings indicate that the current transfers from fat into skin because of skin effect. When the frequency reaches 1 GHz (i.e., the threshold value), current distribution is dominated by skin effect, thereby resulting in the maximum outer current density.
For a current flowing through the complex human structure, the current density of DC is only related to conductivity, whereas that of AC is influenced by skin effect to a certain extent. When the frequency of AC reaches the threshold value, skin effect exerts considerable influence on density distribution. In bioimpedance measurement, the change in bioimpedance is the basic foundation for pathological diagnosis. In traditional measuring methods, such as two-electrode and four-electrode systems, AC is applied into the target by using an electrode in the skin, and then voltage is received by the detection electrode. Skin effect must be considered in selecting a proper frequency to reduce this influence. These methods are unsuitable for use at excessively high frequencies.
Conclusion
Bioimpedance measurement technology is widely used in clinical medicine, in which high accuracy of measurement is necessary. The layer-dividing algorithm proposed in this paper has solved the difficulties encountered in studies of the current distribution of complex structures. The layer-dividing algorithm produces accurate results, by which the existence of skin effect in complex human structures under high AC frequency is verified. The algorithm is substantially simpler than finite element method with regard to programming and calculation. However, there are still some potential limitations for this algorithm. Firstly, it is only applied in the constructions with regular shapes, but most of human structures are irregular and their compositions are not homogeneous and continuous. Secondly, the self-skin-effect of each layer was not considered in this study. Further studies should consider all these factors and combine multiple methods to develop a novel model for the simulation of skin effect in biological tissue.
